Purpose To evaluate the nature and extent of changes in the fundamental and harmonic components of the 31-Hz flicker electroretinogram (ERG) during light adaptation. Methods Full-field ERGs were recorded from five visually normal subjects (ages 21-60 years). Following 30 min of dark adaptation, the subjects were exposed to a uniform adapting field of 50 cd/m 2 . The field, which was presented for approximately 15 min, was intermittently modulated sinusoidally at 31.25 Hz. The ERG was recorded during the sinusoidal modulation, and Fourier analysis was used to obtain the amplitude and phase of the fundamental (F), second (2F), and third (3F) harmonic response components. Results F amplitude increased by almost a factor of two over approximately 6 min (time constant, s, of 3.0 min). The 2F amplitude increased by a smaller amount, a factor of 1.4, and the time-course was approximately eight times faster than that of F (s = 0.4 min). The 3F amplitude increased by a factor of 4.6, an increase that was larger than F or 2F, with a time-course that was between that of F and 2F (s = 1.4 min). F phase was unaffected by light adaptation, whereas the 2F and 3F phases both increased by approximately 45°over similar time-courses (s = 2.0 min). Conclusions Light adaptation had different effects on the fundamental, second, and third harmonic components of the 31-Hz flicker ERG, which resulted in a change in waveform shape during light adaptation. The previously reported flicker ERG amplitude growth is driven primarily, but not entirely, by changes in the fundamental.
Introduction
The full-field, light-adapted electroretinogram (ERG) recorded in response to a brief luminance flash and to 30-Hz luminance flicker are standard clinical indices of the functional integrity of the cone pathway [1] . The amplitude of the single flash and flicker ERG is known to depend on the duration of light adaptation. For example, continuous exposure to an adapting field following a period of dark adaptation results in a systematic amplitude increase for the brief-flash a-wave [2] [3] [4] , b-wave [2] [3] [4] [5] [6] [7] , d-wave [4] , i-wave [7] , and oscillatory potentials [4, 8] , as well as an increase in peak-to-trough flicker amplitude [9] [10] [11] . Several different mechanisms have been proposed to account for the effects of light adaptation on the ERG [3] [4] [5] [11] [12] [13] , but the explanation for the amplitude increase is not entirely understood.
Previous work examining the effects of light adaption on the ERG has focused primarily on changes in the single flash response [2-5, 8, 10] , with less attention paid to changes in the flicker ERG. The relatively few studies that have examined the effect of light adaptation on the flicker ERG have reported changes in amplitude [9, 10, 14] and timing [10] . Changes in the flicker ERG due to light adaptation have clinical relevance in that patients with the incomplete form of congenital stationary night blindness show an exaggerated increase in peak-totrough flicker amplitude [9] . In addition, these patients have marked changes in the shape of the waveform during light adaptation, which are also apparent, to a lesser extent, in visually normal individuals [9, 10] . The change in waveform shape implies that light adaptation has different effects on the fundamental and harmonic components of the flicker response. That is, the flicker ERG waveform is dominated by a response component at the stimulus frequency (the fundamental component), but there are also substantial response components at multiples of the stimulus frequency (the harmonic components). If the amplitude growth or timing of the fundamental and harmonics differ during light adaptation, a change in waveform shape would result.
The goal of the present study was to determine the nature and extent of the shape change in the flicker ERG during light adaptation. In the present study, a uniform adapting field was presented following dark adaptation and the adapting field was intermittently modulated sinusoidally at 31.25 Hz. Sine wave modulation has two advantages over the more typical luminance pulses: First, the frequency spectrum of a sine wave contains only a single frequency, whereas the pulse spectrum contains a broad range of frequencies; Second, mean luminance is maintained at a constant level during sine wave modulation, whereas luminance pulses introduce a mean luminance (DC) change. The ERG was recorded during the sinusoidal modulation of the adapting field and the amplitude of the fundamental, second, and third harmonic components of the response were derived from Fourier transforms. This permitted changes in these components to be evaluated during the course of light adaptation to determine the extent to which the harmonic components of the flicker ERG are differentially affected.
Methods
Five subjects (3 males, 2 females; ages 21, 24, 33, 38, and 60 years) with no history of eye disease participated in the study. The subjects had best-corrected visual acuities of 0 log MAR or better (equivalent to 20/20 or better Snellen acuity), as assessed with the Lighthouse Distance Visual Acuity Chart, and normal letter contrast sensitivity as measured with a PelliRobson chart. Appropriate institutional review board approval was obtained, and the experiments were undertaken after written consent was obtained from each subject.
The full-field stimuli were presented in an Espion ColorDome desktop Ganzfeld. The stimulus sequence is depicted schematically in Fig. 1 . The subject was first dark adapted for 30 min. Following dark adaptation, a full-field adapting field was presented. The adapting field was composed of equal luminances (25 cd/m 2 ) of middle-wavelength (516-nm peak) and long-wavelength (632-nm peak) LED-generated light (50 cd/m 2 combined). During the first 2 min of light adaptation, the adapting field was modulated sinusoidally at 31.25 Hz for 32 cycles (1,024 ms) once every 15 s. From 2 to 8 min of light adaptation, the adapting field was modulated once every 30 s at 31.25 Hz for 32 cycles. From 8 to 15 min of light adaptation, the adapting field was modulated once every 60 s at 31.25 Hz for 32 cycles. The Michelson contrast of the sinusoidal modulation was 100 %. The ERG was only recorded during the sinusoidal modulation. Fundamental amplitudes and phases of the ERGs were derived from Fast Fourier Transforms (FFT), using software that was custom-written in MATLAB. The initial and final response cycles were omitted to avoid onset and offset transients.
Time-dependent changes in the amplitude and phase of the flicker ERG were fit with exponential functions of the form:
where y is response amplitude, y 0 , a, and s are free parameters, and t is the time following adapting field onset. The value of s is the semi-saturation time constant; 2 9 s represents the time at which the amplitude or phase change asymptotes. Data were fit with a least-squares criterion using SigmaPlot (Systat Software, Inc.).
Prior to the ERG recordings, the pupil of the tested eye was dilated with 2.5 % phenylephrine hydrochloride and 1 % tropicamide drops. ERGs were recorded with DTL electrodes, and gold-cup electrodes were used as reference (forehead) and ground (ear). Responses were acquired with an Espion E 2 electrophysiology console, with amplifier bandpass settings of 0.30-500 Hz; the sampling frequency was 2 kHz. Figure 2 shows the ERG waveforms of one representative subject averaged over the first minute of light adaptation (first four measurements; panel a, upper trace) and averaged over 14-15 min after continuous exposure to the adapting field (the final two measurements; panel a, lower trace). The peak-to-trough amplitude increased by a factor of 1.6, consistent with previous reports [9, 10, 14] . In addition, there was a change in the shape of the waveform. Specifically, soon after the onset of the adapting field, the ERG waveform had a sawtooth-like shape, with a single peak. After approximately 15 min of light adaptation, the waveform appeared more square-like with a bifurcated peak.
Results
The change in the shape of the waveform can be described by examining the harmonic components of the ERG derived by FFT. Panels 2b and 2c show the FFTs corresponding to the waveforms shown in panel 2a, which were recorded soon after the onset of the adapting field (averaged over the first minute; panel a, Fig. 1 Schematic illustration of the stimulus sequence. Following 30 min of dark adaptation, the subjects were exposed to a uniform adapting field of 50 cd/m 2 . The field was presented for 15 min and was intermittently modulated sinusoidally in 1,024 ms increments at a temporal frequency of 31.25 Hz (32 cycles) Fig. 2 The traces in panel a show the waveforms of one representative subject averaged over a 1-min interval at the start (upper trace) and end (lower trace) of light adaptation. The vertical dashed lines mark the peaks of the responses recorded at the beginning of light adaptation. FFT-derived spectra corresponding to the ERG waveforms recorded at the start and end of light adaptation are shown in panels b and c, respectively upper trace) and after 14-15 min of light adaptation (panel a, lower trace). For this subject, the fundamental amplitude increased by a factor of 1.8 during the course of light adaptation, which was greater than his peak-to-trough amplitude increase shown in panel a. The amplitude of the second harmonic showed a small increase relative to the fundamental (a factor of 1.3 increase). By contrast, the third harmonic component was small soon after the onset of the adapting field (9 lV) and grew substantially during light adaptation (a factor of 2.3).
The pattern of flicker ERG changes during light adaptation can be seen on a fine timescale in Fig. 3 . This figure plots the mean log amplitude (a) and phase (b) for the five subjects as a function of the time after the adapting field onset. The fundamental (circles), second (triangles), and third (squares) harmonics were measured at each time point for each subject, and the average amplitude and phase of the five subjects (±1 SEM) was determined. An exponential model (Eq. 1) was fit to the mean data. The mean amplitude of the fundamental (circles) increased by 0.26 log units, with a time constant, s (Eq. 1), of 3.0 min. The mean amplitude of the second harmonic (triangles) increased by 0.2 log units, with s = 0.4 min. The mean amplitude of the third harmonic (squares) increased by 0.7 log units, with s = 1.4 min.
The phase of the fundamental (panel b; circles) was not affected by light adaptation. By contrast, the phase of the second harmonic (panel b; triangles) increased by approximately 45°, with s = 2.0 min. Of note, the time-course of the second harmonic phase change was longer than the time-course of the second harmonic amplitude change. The phase of the third harmonic (panel b; squares) was also dependent on the duration of light adaptation, but the change was not a simple monotonic increase. Rather, the phase initially decreased and then increased. The initial region over which the phase decreased was omitted from the fit of Eq. 1; the fit of the remaining points indicated that the phase increased by approximately 45°with s = 2.1 min. These values are similar to those obtained for the second harmonic.
Box and whisker plots are shown in Fig. 4 to illustrate the amplitude growth and time-courses for the individual subjects. The amplitude increase is shown in panel a, and the phase change is shown in panel b. The time constants (s) of the amplitude and phase changes are shown in the lower panels (c and d, respectively). The boxes represent the first and third quartiles of the data, and the horizontal line indicates the median, per convention. The 5th and 95th percentiles are shown by the error bars. Compared to the fundamental, all subjects showed smaller second harmonic amplitude and larger third harmonic amplitude (panel a). The time-course of the second harmonic growth was faster than that of the fundamental for each subject, whereas the time-course of the third harmonic amplitude growth was between that of the fundamental and second harmonic for each subject (panel c). The phase change in the fundamental due to light adaptation was nearly zero for all subjects (panel b). The phase change for the second harmonic tended to be about 45°, or somewhat less, whereas the phase change for the third harmonic tended to be approximately 45°, or somewhat greater. The timecourse of the phase change in the second and third harmonics was\3 min for all subjects (panel d). Panel d does not show the time constants for the fundamental phase change because the data from the subjects were not well fit by Eq. 1. In summary, there were differences in the absolute values of the amplitude growth, phase change, and time-course among the subjects, but the patterns of change were highly consistent.
Standard clinical analyses of the flicker ERG amplitude and timing are based on the peak-to-tough amplitude and the implicit time (time from stimulus to response peak) [1] . The effect of light adaptation on peak-totrough amplitude is shown in Fig. 5a (diamonds) ; the effect of light adaptation on the fundamental amplitude is replotted from Fig. 3a for comparison (circles) . Figure 5a shows that the effects of light adaptation on peakto-trough amplitude and fundamental amplitude are similar, but not identical. Specifically, peak-to-trough amplitude slightly underestimates the amount of amplitude growth of the flicker ERG, and the peak-to-trough amplitude change had a slightly greater time constant (s = 4.5 min) compared to the fundamental (s = 3.0 min). For the first 5 min following the onset of the adapting field, the fundamental amplitude increased more rapidly than the peak-to-trough amplitude. Thereafter, the peak-to-trough and fundamental amplitude functions were essentially parallel (i.e., vertically shifted by approximately 0.1 log unit). The difference between the peak-to-trough and fundamental amplitudes during the early stages of light adaptation can be attributed to changes in the harmonic components. Figure 5b shows the effect of light adaptation on the implicit times of the ERG waveform (IT waveform ; diamonds) and the fundamental component of the ERG (IT fundamental ; circles). IT fundamental was derived based on the fundamental phase values (shown in Fig. 3b ) and is equivalent to calculating the difference, in ms, between the peak of the stimulus and the peak of the fundamental. Figure 5b shows that light adaptation had a small effect on the implicit time of the ERG waveform and no effect on the fundamental component of the ERG waveform. The effect of light adaptation on IT waveform is smaller than that reported previously [10] in a study using pulses of light superimposed on a steady background.
Discussion
This study examined the nature and extent of the shape change in the 31-Hz flicker ERG waveform during light adaptation. The fundamental, second, and third harmonic components of the ERG were derived and used as an index to assess the shape changes. If the fundamental and higher harmonic components all change in a similar way, then the waveform would simply scale during light adaptation (i.e., the amplitude would increase, but the waveform shape would be constant). This finding was not observed. Rather, the fundamental, second, and third harmonic component amplitudes increased by different amounts over different time-courses. Furthermore, the phase of the fundamental, second, and third harmonic components differed during the course of light adaptation. Consequently, both the amplitude and shape of the 31-Hz flicker ERG changed during light adaptation. The explanation for the amplitude increase in the human ERG during light adaptation is not well understood. However, several mechanisms have been proposed including changes in the standing potential of the eye [5] , cone redepolarization [3] , and light adaptation of the rod system [15] . None of these mechanisms appears to account fully for the observed amplitude increase during light adaptation, as discussed elsewhere [2] . The effect of light adaptation on the ERG has also been studied in animal models [16] [17] [18] [19] [20] , with a recent study indicating that light adaptation increases the release of nitric oxide that enhances the cone photoresponse [20] . Recent reports have also indicated that the dopaminergic system [13] and visual Arrestin 1 [12] play important roles in the growth of the ERG during light adaptation in animal models. However, the extent to which nitric oxide, dopamine, and Arrestin 1 play a role in the growth of the human ERG during light adaptation remains to be determined. The finding that Arrestin 1 is critical for the growth of the ERG during light adaptation is a particularly intriguing finding and could potentially be evaluated in patients with Oguchi disease due to Arrestin mutations [21] [22] [23] .
Measurements of flicker ERG timing that were based on the peak of the response (i.e., implicit time, which is the typical approach [1] ) showed a small decrease during light adaptation (IT waveform ; Fig. 5b ). This small change in implicit time is also apparent in the waveforms of Fig. 2a obtained at the beginning (upper trace) and end (lower trace) of light adaptation. In comparison, timing measurements that were based on the fundamental phase did not change (IT phase ; Fig. 5b ). This apparent discrepancy is due to the fact that the time of the waveform peak is dependent on waveform shape, which in turn is related to the amplitude and phase of the higher harmonics. Given that the properties of the higher harmonics varied substantially during light adaptation (Fig. 3) , it would be expected that the peak time would change, as was observed. Therefore, under conditions in which the shape of the response may be affected (e.g., during light adaptation or as a consequence of retinal disease), it seems appropriate to compare timing measures that are based on both implicit time and fundamental phase.
For luminance pulses presented against a steady adapting field, the flicker ERG amplitude and implicit time are strongly dependent on the duration of light adaptation [10] . Consequently, to obtain a fully lightadapted measure of ERG amplitude and timing, ISCEV standards recommend 10 min of light adaptation before recording light-adapted ERGs [1] . The results of the present study support this recommendation. However, the results also indicate that the fundamental phase of the flicker ERG recorded in response to a sinusoidally modulated field does not change during light adaptation. Consequently, if the fundamental phase is the only measure of interest, then 10 min of light adaptation is not necessary. An instrument, the RETeval (LKC Technologies, Inc), has recently been introduced whose primary outcome measure is the phase of the 30-Hz flicker ERG. Thus, the results obtained with this instrument should be relatively unaffected by the subject's state of light adaptation.
In summary, the previously reported growth of the human flicker ERG amplitude [9, 10, 14] can primarily, but not entirely, be accounted for by changes in the fundamental component of the response. Although the effect of light adaptation on the flicker ERG of normally sighted subjects is typically described by simple amplitude scaling, there are also substantial changes in waveform shape, which are related to the different effects of light adaption on the fundamental and harmonic components of the flicker response.
